This paper presents a study of the rheological properties of shear thickening fluid (STF) and its application as a damper. The STF samples, with different weight fractions, were prepared by dispersing nanosized silica particles in a solvent. By using a parallel-plate rheometer, both steady-state and dynamic experiments were carried out to investigate the rheological properties of STFs. Experimental results indicated that these suspensions show an abrupt increase in complex viscosity beyond a critical dynamic shear rate, as well as this increase being reversible. Working with the fabricated STF materials, a prototype damper was fabricated and its dynamic performances were experimentally evaluated. An equivalent linear model through effective elastic stiffness and viscous damping was developed to address both the damping and the stiffness capabilities of the damper. Also, a mathematical model was developed to investigate working mechanisms of STF-based devices.
Introduction
The absorption of energy during impact is ubiquitous in industrial, biomedical and military applications.
From suspension systems to shock absorbers, the ability to divert or dissipate unwanted energy is an aspect that has many engineering challenges. One approach to this issue is the use of fluid-filled dampers. Applications of these dampers include seismic protectors for buildings and shock absorbers for the automotive industry [1, 2] . In these applications, the dampers generally work together with elastic elements that are able to accumulate potential mechanical energy. The elastic elements bring the systems to the same equilibrium position while the dampers dissipate the mechanical energy from these elastic elements. However, the properties of passive dampers cannot be adjusted when the structure changes or varies usage patterns and loading conditions. For these 3 Author to whom any correspondence should be addressed.
reasons, research on active and semi-active dampers has been conducted. Variable orifice viscosity dampers [1] and semiactive friction devices [2] were pioneering work in this field. Subsequently, the research extended to the development of dampers with dynamic attenuation factors, which require active media with varying fluidity. Such media can be fieldresponsive fluids, which may be characterized as materials that undergo large changes in their rheological (i.e. flow) properties in response to changes in magnetic, electric or stress fields. For example, electrorheological (ER) fluids, magnetorheological (MR) suspensions and combinations of magnetic fluids and electrorheological fluids can be used to manufacture MR/ER dampers [3, 4] . Electrorheological and magnetorheological fluids change their fluidity under the action of electric and magnetic fields, respectively. Many applications utilize their variable flow rate or force characteristics in either damping or torque transfer scenarios, and proposed applications include shock absorbers, clutches, brakes, actuators and artificial joints [5] [6] [7] . All these approaches have in common that they require an external power source to be activated. A way to avoid the need for an external power source is to use a material that changes its properties according to the loading conditions. Such behavior is characteristic of shear thickening fluids (STFs). STFs are concentrated colloidal suspensions composed of non-aggregating solid particles suspended in fluids, and they show a marked increase in viscosity beyond a critical shear rate. In addition, this increased viscosity is seen as being both 'field activated', due to the dependence on the shearing rate, as well as reversible [8] .
Many earlier studies have focused on determining this 'field activated' viscosity and other rheological properties of STFs under steady shear and oscillatory shear flow. Steady shear research indicated that the common feature of the materials' rheograms is a sharp increase in viscosity that decays at higher shear rates, often referred to as a discontinuity [9] [10] [11] [12] . This increase occurs at a critical shear rate. In addition, the suspension behaves as a 'Newtonian' fluid over a large range of shear rates, except for the transition shear rate period that causes the fluid's specific critical shear rate transition. These types of fluid have been characterized as behaving as quasi-Newtonian fluids with a low viscosity before the critical shear rate transition, and, again, with a quasi-Newtonian behavior but with a higher viscosity after the transition [13] . There has been some research into the dynamic properties of STFs. Laun et al [13] reported the critical strain amplitude for dynamic shear thickening at fixed angular frequency of a polymer latex dispersion. Raghavan et al [14] investigated the shear thickening response of a fumed silica suspension under steady and oscillatory shear. Fischer et al [8] investigated the dynamic properties of STFs based on a vibrating sandwiched beam. Strain thickening refers to a sharp increase in the complex viscosity observed at critical combinations of strain amplitude and frequency.
It has been demonstrated that reversible shear thickening results from hydrodynamic lubrication forces between particles, often denoted by the term 'hydroclusters'. This hydrocluster mechanism has been demonstrated experimentally through rheological, rheo-optical and neutron experiments [15] , as well as computer simulations [16] .
The highly nonlinear behavior can provide a self-limiting maximum rate of flow that can be exploited in the design of damping and control devices, which was first investigated in the context of mountings for industrial machinery [13, 17] . Laun et al [13] proposed two conceptual applications of STFs as passive speed control rotational and amplitude-dependent damping devices. The vibration attenuation to avoid resonance amplitude using such devices has been discussed. Helber et al [17] developed an STF-based mount and studied its dynamic performances in vibration attenuation. More recently, Lee et al [12] investigated the ballistic properties of woven aramid fabrics impregnated with a colloidal, discontinuous STF. Fischer et al [8] integrated STFs into a composite sandwich structure with the aim of inducing changes in the latter's dynamic properties under specific conditions.
In this study, nanoparticle-based STF samples were fabricated and characterized, and the application of such materials as a damper has been investigated. These studies were expected to investigate the advanced energy absorption mechanism of STF-based devices. To this end, STF samples, which were composed of nanosize silica particles suspended in a solvent (ethylene glycol), were fabricated. Their steady and oscillatory shear properties were tested by using a rheometer. Following material studies, a prototype STF damper in flow mode based on STF was developed and its dynamic properties were experimentally and theoretically studied. The energy absorption capabilities of the damper in various loading conditions were compared.
Experimental details

Materials
The STF components include nanosized particles and a carrier. The fumed silica (S5505, from Sigma-Aldrich) has a primary particle size of 14 nm and a specific surface area of approximately 200 m 2 g −1 . The carrier fluid was ethylene glycol (HOCH 2 CH 2 OH) with a density 1.113 g ml −1 (102 466, ReagentPlus ® , from Sigma-Aldrich). In each case, the carrier fluid was added to the powder, and a blender was used to mechanically mix the two components for 1 h. The resulting suspensions were then placed in a vacuum chamber for several hours to eliminate bubbles.
To study the effect of particle size, another kind of microsized silicone dioxide particles was used to mix with the carrier fluid. The particle has a primary size from 1 to 5 μm and density 2.6 g ml −1 (S5631, from Sigma-Aldrich). Solid contents of 20%, 30% and 40% w/w were selected for study.
Rheological testing
A parallel-plate rheometer (MCR 301, Anton Paar Companies, Germany) was used to measure the STF rheology under both static and dynamic loading conditions. The diameter of the parallel plate is 20 mm and the thickness is set as 0.2 mm. In this study, steady-state strain rate sweeps, dynamic frequency sweeps and dynamic strain amplitude sweeps were conducted to study the rheological properties of the STF samples. Figure 1 shows the viscosity, η, as a function of shear rate for STF samples based on both large and small particles. It can be seen from this figure that the colloidal suspensions with 'large' particles do not have notable shear thickening effect until 1000 s −1 shear rate. At low shear rates, slight shear thinning was observed. In contrast, the rheograms of suspensions with 'small' particles exhibit a sharp increase in viscosity at a critical shear rate; the viscosity then decays at higher shear rates. It can be seen, as expected, that the viscosity of the STF increases with increasing volume fraction. The critical shear rate is also dependent on the volume fraction: the higher the volume fraction, the smaller the critical 'thickening' strain rate that occurs. Comparing the results of samples with 30% and 40%, it is found that the sample with 30% particles provides the optimum combination of relatively low viscosity at rest, marked shear thickening and high posttransition viscosity. For this season, this sample was selected for the dynamic study. Under strain amplitude sweep, the rheological behavior of the 30% sample was as illustrated in figure 2 ; the strain amplitude was linearly swept from 1% to 1000% and the frequencies were selected as 20, 40, 60, 80, and 100 rad s −1 , respectively. Obviously, the STF exhibits strain thickening at high strain amplitudes, with its complex viscosity showing an abrupt jump to higher levels at particular strains for different shear frequencies. For each case, the STF exhibit three distinct states: low viscosity state when the strain amplitude is lower than a critical value; transition state when the strain amplitude is in the vicinity of the critical stain amplitude; and thickening state at large strain amplitudes. It can also be seen that the critical stain amplitude shows a decreasing trend with increasing frequency.
Frequency sweep experiments were conducted to study the rheological properties of the STF samples. Figure 3 shows the complex viscosity as a function of angular frequency for the 30% w/w STF at different fixed strain amplitudes. The transition initiated at relatively low frequency for high shear strain, but the critical frequency increased monotonically with decreasing shear strain. These experimental data, together with strain amplitude sweep data, indicate that the STF has a dramatic increase in viscosity at critical combinations of the amplitude and frequency, which might imply that the Cox-Merz rule is valid in the STF rheological study. In a dynamic experiment conducted at frequency ω and strain amplitude γ 0 , the product (ωγ 0 ) corresponds to the maximum dynamic shear rateγ dyn . Thus, the parameter can be physically interpreted as a critical dynamic shear rate, which has also been demonstrated in a few earlier studies [8, 13, 14] . To verify the validity of the Cox-Merz rule, the comparison of viscosity under steady shear and complex viscosity under dynamic shear is summarized using the above experimental data and shown in figure 4 . As shown in this figure, the critical shear rate for both steady-state and dynamic shears is constant. The shapes for both these two cases are also similar. However, the low viscosity states for both these cases are quite different. Under steady shear, the viscosity shows a slight shear-thinning effect; however, this cannot be found in dynamic shear. Also, the viscosity under steady shear is higher than that in the dynamic case. Comparing the peak viscosity at the transition state, it is found that the value at steady shear is higher than that in the dynamic state. Neglecting equipment and measurement errors, the Cox-Merz rule is not valid for the STF samples. The mechanism of such discrepancy will be further investigated.
Based on dynamic experimental data, two critical strains, γ c and γ m , were defined to distinguish the three distinct states, where γ c is the starting frequency of the transition state and γ m is the ending frequency of the transition state. Figure 5 shows the frequency dependence of γ c and γ m for the 30% w/w STF. Three distinct states, the low viscosity state, the transition state and the shear-thickened state, are marked in this figure. Again, the critical strain shows a decreasing trend with frequency. For a typical frequency, the critical strain amplitude range, i.e., γ m − γ c , varies not very much.
Here, the dynamic properties in terms of storage modulus and loss modulus were measured; they are shown in figure 6 . It can be seen from this figure that both the storage modulus and loss modulus undergo an abrupt transition to a higher level at a critical strain rate, which indicates that the STF materials exhibit both variable stiffness and damping capabilities. The characteristics demonstrated that such materials can be used to develop vibration attenuation devices, such as dampers and mounts [17] .
In addition, the critical angular frequency, defined in [14] , was used here to model the dynamic properties of STFs. It is given by
where the parameter γ ∞ represents the critical strain at very high frequencies. For this STF sample, the value ofγ 
Design, testing and modeling of an STF damper
Design and analysis of an STF damper.
The basic elements of the STF damper are shown in figure 7 . The damper is similar to a conventional single-tube damper, which consists of a piston with orifices and a gas chamber. The interior of the damper is filled up with the STF. By drawing or pushing the piston, the STF is infused from one side of the cylinder, through the orifice of the piston, to the other side of the cylinder. The hydraulic resistance of the damper can be modified through the geometry of the orifice and the viscosity of the STF. The compressed/extended length of this damper is ±10 mm. The radius of the piston is 5 mm. There are four orifices in the piston and the radius of the orifice, r , is 1.6 mm.
Assuming that the STF is incompressible, the volume flow rate is uniform through the whole system. Namely, the volume flow rate generated by the piston movement is equal to the volume flow rate in the orifices; i.e. S 0 A 0 = S p A p , where S 0 and S p are the total areas of the orifices and the piston, respectively. A p is the piston displacement amplitude and A 0 is the flow displacement in the orifice. Because the flow in the orifice is the pipe flow, the maximum flow velocity in the center, u max , is twice as large as the average flow velocity. Therefore, the shear rate isγ = 
When the displacement amplitude is 2.5 mm, the critical frequency is about 8 Hz and the frequency at the end of the transition is about 14 Hz.
Testing of the STF damper.
The experimental setup for testing the dynamic performances of an STF damper is shown in figure 8 . A load cell (Type: CL-YD-302, SINOCERA PIEZOTRONICS, INC., China) was placed between the STF damper and an electromagnetic shaker (Type: JZK-5) excited by a power amplifier (YE5871-100W). The shaker was used to provide harmonic excitation to the damper, which was fixed on a frame. An accelerometer (Type: CA-YD-106) was used to measure the acceleration of the shaker table. The signal generated from this accelerometer was fed back to the controller that regulates the excitation velocity. The displacement amplitude of the shaker was set as a constant. When the shaker table moves forward and backward by a command signal generated from the shaker controller, the STF damper produces a damping force that is measured by the load cell. The excitation velocity and displacement signal were measured by using the accelerometer and a charge amplifier (YE5851) which has an integrator. The signals were saved in a computer via a data acquisition (DAQ) board (Type: LabVIEW PCI-6221, National Instruments Corporation, USA). The damper performance was tested under harmonic excitations with varying frequencies. In this experimental study, excitation frequencies of 2, 8, 10, 14, 20, 30, and 40 Hz were used along with constant excitation amplitude of 2.5 mm.
The experimental results in terms of damping force versus displacement at different frequencies are shown in figure 9 . For each test, 20 cycles were repeated, and average values were taken to obtain the stabilized hysteresis loops. As can be seen from this figure, the shape of the displacement damping force loop is strongly dependent on the loading frequency. For example, the peak damping force shows an increasing trend with frequency. Moreover, the loop is almost a perfect ellipse, which implies that the STF damper shows a linear viscoelastic behavior, which is different from conventional ER and MR damper performances [5, 6] .
In the low frequency range, such as 2 Hz, the STF shows a Newtonian fluid character. The area of the hysteretic loop per cycle denotes the energy dissipation capability, and the slope of the main-axis loop is the stiffness of the spring. As the excitation frequency increases, the slope of the low velocity hysteresis loop increases. The damper works in the low viscosity state, in the transition state and in the shearthickened state when the excitation frequency is at 8, 10 and greater than 14 Hz, respectively. The hysteresis loop changes significantly as the excitation frequency passes 10 Hz. Not only does the damping ratio increase, but also the stiffness increases. It is also clear in figure 9 that the shape of the hysteresis loops of the STF damper does not change significantly when the excitation frequency is higher than 14 Hz. This means that the STF has a quasi-Newtonian behavior but with a much higher viscosity after the transition. The influence of shear thickening allowed the STF-filled damper working in high dynamic loading velocity to absorb over four times the energy compared with that of the damper working in low velocity. Most previous studies on STF have been limited to an analysis of only the shear thickening characteristics. By using the proposed STF damper, both the damping constant and the stiffness of damper can be effectively analyzed.
Equivalent linear model.
The force-deformation characteristics of the STF damper can be replaced by an equivalent linear model through effective elastic stiffness and effective viscous damping. The linear force developed in the STF damper can be expressed as
where k eff is the effective stiffness; c eff is the effective viscous damping constant. The equivalent linear elastic stiffness for each cycle of loading is calculated from the experimentally obtained force-deformation curve of the damper, and expressed mathematically as
where F + and F − are the positive and negative forces at test displacements A + and A − . A + and A − are the positive and negative displacement amplitudes of the piston from the original point, respectively. Thus, k eff is the slope of the peakto-peak values of the hysteresis loop as shown in figure 9 .
The effective viscous damping coefficient of the damper calculated for each cycle of loading is specified as [18, 19] 
where w d is the energy dissipation per cycle of loading, and A is the amplitude for the displacement. Figure 10 shows the effective stiffness and damping constant versus frequency of the STF damper tested in this study. The primary stiffness is provided by the spring on the damper. It is observed that the effective stiffness increases significantly at a critical loading frequency. After the transition state, the stiffness has no obvious change in the shear-thickened state. The damping constant versus frequency is also presented in this figure. It is observed that the effective damping constant reaches a maximum value in the transition state and has relatively lower value in low viscosity and shear-thickened states. 
Discussion
In section 2.3.3, an equivalent stiffness and damping model was employed to study the damper performance. This model can give general information on the frequency-dependent stiffness and damping performance; however, it lacks the direct link between the material properties with the device performance. In modeling ER and MR damper performances, both non-parametric and parametric models were developed to study nonlinear ER and MR mechanisms [18, 19] . Similarly, a mathematical model needed to be developed to investigate the mechanisms of STF-based dampers. To this end, a simple pipe flow model [20] was developed to predict the damping force. In the pipe flow, according to Hagen-Poiseulle law, the pressure drop can be expressed as
where η is the viscosity of the STF, L = 2 mm is the orifice's length, v is the flow velocity, and r is the radius of the orifice. ω is the angular frequency of sine loading. The damping force is derived by multiplying the pressure drop by the orifice area, given by
where S p is the area of the piston and S 0 is the area of the orifice. On substituting the experimental results of viscosity (figure 4) and the damper parameters as well as the static stiffness of 400 N m −1 into equation (7), the model-predicted damper forces were reconstructed; they are compared with the experimental results in figure 9 . This comparison is shown in figure 11 . It can be seen from this figure that at low frequencies of 2 and 8 Hz, where the STF works in the low viscosity state, the model can accurately predict the damper performances. However, when the frequency is about 10 Hz, the model cannot precisely represent the sharp stiffness increase, though the damping prediction was still acceptable. In low frequencies, i.e., when the flow velocity and shear rate are relative low, the pipe flow agrees with the HagenPoiseulle law, but in high frequencies, the flow in the orifice is probably not laminar flow any more. This could be the reason for the difference. At even higher frequencies, the STF in the orifice may become solidified and hardly flow. The movement of the piston actually presses the compressed air in the accumulator, which might be the reason for the sharp stiffness increase. Further theoretical and modeling work will be carried out.
Conclusion
In this study, we fabricated an STF, which was composed of nanosize silica particles suspended in a solvent, ethylene glycol, at high concentrations. Their dynamic properties in different shear strain rates were tested by using a rheometer. This suspension behaves as a quasi-Newtonian fluid over a large range of dynamic shear rates, except for the transition shear rate period that causes the fluid's specific critical shear rate transition, and, again, with a quasi-Newtonian behavior but with a much higher viscosity after the transition. The viscous modulus G makes an abrupt transition to a higher level at the particular dynamic shear rate, as well as elastic modulus G .
A prototype 'speed activated' smart damper based on the STF was designed and manufactured. Using a vibration testing system, a series of tests was conducted to measure the response of the damper under various loading conditions. The hysteresis behavior of the STF-filled damper was obtained from the response data. An equivalent linear model through effective elastic stiffness and effective viscous damping was used to describe the force developed in the STF damper. This work has shown that integrating an STF with 'speed activated' behavior into a damper can lead simultaneously to changes in stiffness and damping under dynamic loading as the frequency is varied. The dynamic loading velocity had a significant influence on the fluid viscoelastic properties, which has a large influence on the energy absorption response and stiffness during the working of the damper. The influence of shear thickening allowed the STF-filled damper working at high dynamic loading velocity to have much higher stiffness/damping and to absorb much more energy than that of the damper working at low velocity.
